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I. IIJTRODUCTION 
Thulium, atomic weight 16% is a member of the lanthanides; commonly 
called the rare earths. This series begins with lanthanum, atomic number 
157 which has no kf electrons, and ends with lutetium, atomic number 171 
which has fourteen 4f electrons. With the exception of cerium, europium 
and ytterbium these elements have three valence electrons—nominally one 
5d and two 6s. This explains their chemical similarity. Ho\fever, the 
partially filled 4f shell gives rise to widely varying magnetic and trans­
port properties throughout the series. Thulium has twelve 4f electrons so 
that two are unpaired. Thus, according to Hunds''rules, the trivalent ion 
should have a Hg ground state. 
The magnetic structure of thulium has been determined by Koehler ^  
al. (1, 2, 3) using neutron diffraction. Using powder samples, no long 
range magnetic order was indicated above about 53°K, and at the 
effective moment per ion was found to be (6.8 ± is the Bohr 
magneton). From single crystal measurements they reported a Nëel tempera­
ture of 56°K with a sinusoidal antiferrcmagnetic structure setting in just 
beloif this temperature. The moments were found to lie along the c-axis, 
and their magnitude varied sinusoidally along the c-axis direction. As the 
temperature was lowered, higher harmonics began to appear at about 
which indicated the squaring up of the structure to an antiphas e-domain-
type of structure. At 4.2°K this structure was definitely well estab­
lished. This particular antiphase structure was unusual in that it was 
ferrimagnetic with three layers of moments parallel to the c-axis, followed 
by four layers anti-parallel to the c-axis giving a net moment along the 
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c-axis of l.OjjLg. 
Thû electrical resistivity, thermal conductivity, and thormoolectric 
power of thulium have recently been measured by L. Roger Edwards (4) using 
single crystal samples. Each of the properties in this study indicated a 
N^el temperature at 57.5°K. In addition, the c-axis Seebeck coefficient 
shotted a sharp peak at 32°K. None of the other measurements showed 
anomalous behavior in this temperature region. 
The magnetic properties of polycrystalline thulium have been measured 
by Rhodes _et a2. (5). They reported Curie-Weiss type behavior above 51°K, 
with an antiferromagnetic region below this temperature. They suggested 
an additional transformation between 4.2°K and 20.4°K. The slope of the 
l/Xg vs T curve gave a value for of 7.6^^ which was in good agreement 
of the theoretical value of 7.56^^ (assuming Hunds* rules so that L = 5? 
3=1, J = 6). Extrapolated to the temperature axis, it gave a Curie 
temperature of 20,0°K. 
The magnetization of polycrystalline samples has also been determined 
by Davis and Bozorth (6). They reported a Nëel temperature of 60°K, a 
value for of 7.56^,^, and a paramagnetic Curie temperature of 20°K. 
Below 20°K, ferromagnetism was confirmed by the existence of hysteresis. 
Using the Weiss-Forrer method of determining the ferromagnetic Curie 
temperature, they found a value of 22°K. The highest moment obtained, 
using up to 12 kilo-orested, corresponded to 0.5ij,g per atom. 
Most recently, Foner et al. (7) have measured the moment of a single 
crystal of thulium along the <1010> direction at 4.2°K up to l40 kOe. They 
reported a value of 220 emu/gram at l40 kOe. which corresponds to 6,66y^ 
per atom. Their magnetization curve suggested that about 30 kOe. is 
required to decouple the 3>^ ferrimagnetic structure and approach satura­
tion. Data for the c-axis (not shown) showed that the moment was far from 
saturation even at l40 kOe. 
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II. EÏÏSNOMENOLOGICAL THEORY 
The generally accepted picture of the heavy rare earths is that of 
a matrix of tri-positive ions imbedded in a sea of free electrons. The 
three valence electrons of these rare earths are itinerant and form con­
duction bands with mixed s-d character. This leaves at each lattice site 
a highly localized moment due to the unpaired electrons in the 4f shell. 
The 4f shell electrons are tightly bound inside the outer closed shells 
and thus, to a first approximation, behave as they would in the free ion. 
The application of Russell-Saunders coupling and Hunds' rule gives a total 
angular momentum L, a total spin S and a resultant J = L + S (for Gd 
through Tm). Tluis gives a resultant moment for the 4f shell that agrees 
well with the effective moment as measured from the paramagnetic suscep­
tibility. 
The heavy rare earths from Gd through Tm have hexagonal close packed 
structures with essentially the same c/a ratio (between 1.57 and 1.59). 
Consequently the band structure and Fermi surfaces do not change drasti­
cally along the series. The marked variation in the magnetic behavior of 
these elements must, therefore, be due to the differing number of 4f 
electrons and the forces acting on them. 
These forces are of two main types. The first type arises from the 
array of charges in the crystal and are in effect coulombic in character. 
The second type are forces which couple kf electrons on different ions, the 
most important of which is the indirect exchange coupling through the con­
duction electrons. The spin on one ion may be thought of as setting up a 
spin polarization of the conduction electrons. The wave vector of the 
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electrons which carry this spin information is restricted by the Fermi 
distribution. This results in an oscillatory component of the spin 
polarization which is of long range, and which couples to the spins of 
other ions. The competition "between these two types of forces determines 
the observed magnetic structure. 
Consider first the magnetic disorder region, and neglect exchange and 
anisotropy forces. The total angular momentum, J, of the 4f shell has 
2J + 1 distinct orientations relative to an applied magnetic field. The 
component of the magnetic moment along the field is m^p^, where 
m = J, J - 1, • • •, -(j - 1), -J; and g is the Landë factor obtained by 
V 
—* > —* 
projecting the magnetic moment L + 2S upon J in the lowest Russell-
Saunders multiplet 
Assuming Maxwellian statistics, the bulk magnetic moment per gram is given 
by 
where W = N^/A with being Avogadros number and A the atomic wei^t; 
(2.1) 
(2.2) 
X = gJjj^H/kT, and Bj(x) is the Brillouin function. In the limit that the 
magnetic energy, is much less than the thermal energy, kT, (i.e. 
X « l) the Brillouin function reduces to 
Bj(x) - (J + l)x/3J . (2.3) 
Then Equation 2.2 becomes 
NJ(J + l)g2p^ 
(2.4) % " 3kT 
so that 
a NJ(J + C 
*g " H 3kT T ' (2.5) 
For a classical gas of particles, each with a magnetic moment p,, one has 
X = . (2.6) 
Hius we identify = \/T(J + l) gp.^. From plots of l/x^ vs T one can 
experimentally determine and thus 
The dominant interaction causing magnetic ordering is the exchange 
interaction. This can he adequately treated using a simple Heisent)erg 
form for the exchange Hamiltonian 
H = -2 E V(R. - RjS. • S. (2.7) 
ij ^ ^ ^ ^ 
—» "kin —4 —» 
where is the position of the i ion which has spin and Rj is the 
position of the ion which has spin Since this exchange energy is 
generally much smaller than the splitting of the J multiplets hy the spin-
orbit coupling, we should properly use the projection of S upon the total 
—» 
momentum J 
8 = (g - 1)J . _ (2.8) 
Then including the presence of an applied magnetic field, H , the 
Hamiltonian is taken to he 
H = -2 Z V(R. - Rj)(g - i f  J. • JJ - Zp^g J. " . (2O9) 
In the heavy rare earths it is found that the magnetic ordering is always 
in planar layers perpendicular to the c-axis. One can, therefore, simplify 
the problem by summing in layers and considering the interaction between 
nearest and next nearest neighbor planar layers (8). This gives 
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H = -K[2(g - i f  V(0)J + • J (2.10) 
where 
V(0) = Vq + 2V]_ + ZVg (2.11) 
in which is the exchange "between the 4f electrons in a particular 
layer, is the exchange between nearest neighthor layers, and is the 
exchange "between next nearest neigh"bor layers. 
Then using <3î> = E, and <N'gJij^> = cr^, Equation 2.10 "becomes 
E = -(XCg + Hj . Cg (2.12) 
where 
À = 2(g - 1)^ V(0)/g^ . (2.13) 
The first term in Equation 2.12 is identified as the Weiss molecular field. 
Thus the applied field is replaced by the effective field. This gives 
"g = %WlEr(=a + • (2.110 
In the limit that the thermal energy is much greater than the magnetic 
energy, the magnetic susceptibility is found to be 
Xg = A-s; 
where = NJ(J + l)g^jj|/3k, and 8^ = XC^. 
In the limit that T -* 0, and H -* œ. Equation 2.14 gives the satura­
tion magnetization 
Gg(m,0) = . (2.16) 
SO that the effective number of Bohr magnetons per atom is given by 
Ng^ = gJ. (2.17) 
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The Hamiltoniaji of Equation 2,9 did not include the effects of the 
crystalline electric field, Elliott and Stevens (9) have shown that for 
a hexagonal crystal the potential for this field takes the form 
$ = Y°(J) + Kg<r^>P Y^(j) + Yg(j) 
+ + Yg^(j)] . (2.18) 
The y^(j) are operator equivalents of spherical harmonics, and they and the 
constants a, p, YJ defined in reference 10. The <r^ are the mean 
values of r^ over the 4f electron distribution, and can be computed. The 
term is the most important of these. Elliott (ll) has shown that if 
is negative, the crystalline field anisotropy will favor alignment 
along the hexagonal axis. So the simplest form for the anisotropy energy 
is - J(J + l)). If this term is included in the Hamiltonian given 
in Equation 2.9, then the Curie temperatures are found to be 
K8,, = 2/3(g - if J(J + i)v(o) - V5 K;°(J - 1/2) (J + 3/2) 
= 2/3(g - 1)^ J(J + I)V(O) + 2/5 K^(J - l/2)(j + 3/2) 
(2.19) 
where 9„ is the Curie temperature assuming a weak field applied parallel 
to the hexagonal axis, and 8^ is the Curie temperature assuming a weak 
field parallel to the basal plane. . It follows from Equation 2.19 that 
k(6„ - 0I) = -V5 K°(J - 1/2)(J + 3/2) , (2.20) 
and 
8^ = 1/3(8,, + 28i) . (2.21) 
Consider now the magnetically ordered region. The periodicity of the 
magnetic structure is basically determined by the-exchange energy 
- 2  S v.. .(R. - R.) S.. = s.. It is convenient to define the fouricr trant;-
. . ij 1 J 1 J 
a-j 
form of the exchange energy 
iq • (R. - R.) 
V(q) = S\r..e ^ . (2.22) 
. : l 3  
If V(q) has a maximum at q = 0, then the exchange energy favors ferro-
magnetism. While if V(q) has a maximum at a q which touches the Brillouin 
zone "boundary, a conventional antiferromagnet is favored; and if the 
maximum occurs for q intermediate between the origin and the zone edge 
then the exchange favors a spiral arrangement (12). 
Given that a periodic magnetic structure occurs, the crystal field 
anisotropy will determine whether the moments form a planar spiral, a cone 
or an axial structure. Then con^etition "between the exchange energy, the 
anisotropy energy, mangetostriction, or applied fields determine the 
transition from one periodic structure to another, or to a ferromagnetic 
one. 
It is found experimentally (2) that Just "below the N^el temperature 
the stable ordered phase has 
<J^> = MJ sin (^ * \ " 0) (2.23) 
where M is a temperature dependent amplitude function. Then using the 
three plane interaction model, the exchange energy is found to be (8) 
E = -W(g - 1)^ J(J + 1)M^ V(q) ( 2 . 2 k )  
with 
V(q) = + 2V^ cos qc/2 + 2Y^ cos qc (2.25) 
where c is the lattice constant along the hexagonal axis. Note that the 
maximum of v(q) is at cos qc/2 = -V^/Wg. 
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This value for E is larger than the energy for a ferromagnetic struc­
ture. It is necessary -to consider the free energies F = E - TS. These 
are shown to "be (ll) 
^ferro = -2N(g - if J(J + l)^ V(0) (2.26a) 
Fslme vava = 
-kTN[(l + p^)ln2 - 2p^/(l + p^)] (2.26TD) 
where 
p = [1 - (1 - . (2.27) 
Because of the considerably greater entropy of the sinusoidal structure, 
its free energy is the lower of the two at high temperatures. Differenti­
ating F . with respect to M gives the value for M which minimizes 
° sine wave 
the free energy as 
M = 2((1 - kT/2A)kT/2A)^^^ (2.28) 
so that 
2A = |(g - if J(J + l)v(q) = kTjjj . (2.29) 
In the framework of this model, the susceptibility for small applied 
fields parallel to the hexagonal axis is 
J(J + l)p!(2T - T ) 
's ° + Vc • 
This joins on to the paramagnetic susceptibility with a sharp peak at 
T = Tjj, then falls rapidly to zero at T = l/2 T^. This occurs "because 
the relative magnetization, M, as given in Equation 2,283 reaches its 
maxiLmum value of unity at T = I/2 T^. This partial saturation of the spins 
would force a transition to a ferromagnetic structure, or a squaring up 
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of the sinusoidal antiferro structure. If the latter persisted to low 
enough temperatures it would become an antiphase domain structure. The 
squaring up would occur smoothly with the increasing importance of the 
higher harmonics. 
Again, this treatment has neglected the axial anisotropy energy. If 
this term is Included, and is small relative to V(q), then Elliott (ll) 
shows that 
kT^ = 2/3(g - if J(J + l)V(q) - V5 K°(J - 1/2) (J + 3/2) 
(2.31) 
Then a knowledge of T^, q, 0„ and 8^ is sufficient to determine K^, and 
the values of V^, V^, and V^. 
The mechanism for the oscillatory exchange interaction in the heavy 
rare earths is the Ruderman-Kittel picture of indirect exchange between 
localized moments via the polarization of the conduction electrons. 
Ruderman and KLttel first applied this to nuclear coupling (l3), but 
several authors have applied it to the rare earths (l4, 15). The inter­
action between a conduction electron at r with spin s, and a 4f shell at 
Rj is taken to be 
H = -2V,(g - l)6(r - R )s . J. (2.32) Q- J o 
where is the s-f exchange integral, and ô(r - R^) is a delta function. 
From first order perturbation theory, the conduction electrons will 
be polarized (l6) according to 
%+ - a_ = -(9rTz\(g.- 1)/E^^)mj0(2k^) (2.33) 
where n^ and n_ are the densities of up and down- spin electrons 
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respectively, Z is the number of conduction electrons per atom, is 
the magnetic quantum number, Ù is the volume per atom, 0(x) is the 
Ruderman-Kittel function 0(x) = (x cos x - sin x)/x^, is the Fermi 
energy, and is the Fermi wave vector. Because of this polarization of 
the conduction electrons, Liu (17) has shown that they contribute to the 
spontaneous magnetization of the hulk material "by the amount 
Gg = -smis - i)v^iJ,gjAEp ; (2.34) 
for a ferromagnetic structure. Then from a second order perturbation calcu­
lation, the interaction energy between two 4f shells is given by 
EV(q) exp (iQ • R_) • Jj (2.35) 
where 
and 
Q 
v(«) = 
^f ^ k<dL E(k + Q) - E(k) 
S is a conduction electron wave vector, and k^ is the wave vector corre­
sponding to electronic states on the Fermi surface. V(Q) has been 
evaluated in the free electron approximation (i.e. assuming a spherical 
Fermi surface); and the corresponding V(R) is given by 
SZvfrr 
V(R) = 0(2k^) (2.36) 
where 
0(x) = (x cos X - sin x)/x^ . 
This is in fact long ranged and oscillatory as required to explain 
the magnetic structure of the rare earths. However, the maximum of V(Q,) 
13 
—* 
occurs at Q = 0. The use of a more realistic band, structure may produce 
a maximum for Q ^  0. Yosida and Watabe (l8) have calculated the exchange 
interaction using the nearly free electron model, but including the 
symmetry of the hexagonal close packed structure. Hiey foiand a maximum 
for 1/2 Qc = 48°. This good agreement with the experimental values of 
51° for thulium and erbium is somewhat fortuitous because the Fermi surface 
of the rare earths is highly anisotropic. 
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III. EXPERIMENTAL-HIOCEDUEES 
Ao Design of the lyfcignetometer 
The magnetometer is of the vibrating sample type and uses a null 
method. The sample is oscillated in the center of a pickup coil system. 
The sample thus generates a voltage proportional to the amplitude and 
frequency of oscillation, and proportional to the moment of the sample. 
Using a transducer attached to the sample rod, a reference voltage is 
produced which has the same amplitude and frequency dependence as the 
sample signal. Thus the ratio of the reference voltage and the sample 
signal will be a function of only the total moment of the sample. General 
construction details are showfi in Figure 1. 
In this magnetometer, the signal from the pickup coils is balanced out 
in an A.C. bridge circuit against a reference signal. The sample rod is 
driven by a commercial vibration generator at 102.5Hz. The sample rod 
passes through, and is attached to the voice coil of a high g_uality loud­
speaker. The rod then extends down the length of the isolation dewar where 
it is centered with a teflon spacer just above the sample. 
The reference signal is taken from the voice coil of the loudspeaker, 
and attenuated with a ratio transformer whose reading at null is the raw 
data. The secondary side of the bridge is then impedence matched into a 
phase sensitive amplifier which acts as a null detector. 
With vibrating sample magnetometers it is always desirable to use a 
pickup coil configuration which will be astatic to changes in the applied 
magnetic field, thus eliminating a potentially troublesome source of noise. 
The axial symetry of solenoids allows this to be done very readily using 
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Figure 1. General construction details for the vibrating sample 
magnetometer 
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two coils spaced symetrically about the field center of the solenoid, with 
the sample located at the field center. The coils are wound so as to have 
essentially equal area-turns, and are wired in series-opposition. 
Currently, our pickup coils are wound on the inner tail of the isolation 
dewar which places them as close to the sample as possible and as far as 
possible from the superconducting ribbon in the solenoid. 
The sample is centered vertically with respect to the pickup coils by 
moving the evacuated can containing the vibration generator and reference 
loudspeaker. The vertical adjustment is done remotely with a low speed 
motor-reduction gear assembly. The raising and lowering system is mounted 
on a compound vice table which allows horizontal centering by hand. A 
sliding Cenco fitting allows several inches of vertical travel. The Cenco 
fitting is camected to the vacuum can containing the vibrator and refer­
ence speaker by a rubberized brass bellows. This flexible coupling pro­
vides about an inch of horizontal travel to allow horizontal centering of 
the sample rod. 
The vibrator assembly is mounted on top of a rigid rack straddling. 
the solenoid dewar support. ït connects to the isolation dewar through 
the rubberized brass bellows which minimizes vibrational coupling. There 
is some additional coupling through the rubbing of the teflon spacer on the 
end of the sample rod upon the inner tail of the isolation dewar. However, 
with careful horizontal centering of the sample rod, the mechanical noise 
is sufficiently low to ensure adequate sensitivity for any measurements on 
rare earth samples. But mechanical noise remains the limiting factor on 
the system sensitivity. 
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The sample rod was constructed fran a tapered "balsa rod with a quartz 
tubing extension on the lower end (Figure 2). To minimize moisture 
absorption by the balsa, it was sealed with a coating of Armstrong type 
H-20 epoxy. Balsa was chosen because it is very light, and has excellent 
damping properties. This is important in preventing standing waves from 
developing along the sample rod» Such standing waves would cause the 
reference signal and the sample signal to no longer have a fixed phase 
relationship. This would appear as noise in the detection circuitry. 
The sample signal voltage and the reference voltage will not in 
general be exactly in phase. There is a component of the sample signal, 
the quadrature component, which is 90° out of phase with the reference 
signal. It arises from eddy currents in the pickup coils, the metallic 
tails of the isolation dewar, and even in the samples themselves. There 
are also eddy currents induced in the windings of the solenoid. Therefore, 
the sample signal cannot be nulled directly against the reference signal. 
A bridge circuit was designed (Figure 3) which would generate a small 
voltage, with variable amplitude, that could be used to null separately 
the quadrature component of the sample signal; and simultaneously null the 
in-phase component with some fraction of the reference signal. 
The reference loudspeaker has a nominal impedance of 8 ohms. So to 
obtain nearly maximum power output it was fed into a 10 ohm purely 
resistive load (a 9 ohm and a 1 ohm resistor in series). The reference 
signal is taken to be the voltage across the 1 ohm resistor. This voltage 
is lead into a high quality isolation transformer (Gertsch, model ST248B), ^  
and then into a Gertsch ratio transformer model 1011, The output from the 
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Figure 3. The detection circuitry for the magnetometer 
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ratio transformer is used to null the in-phase component of the sample 
signal. 
The quadrature voltage is generated by placing a capacitor in series 
with a variable resistor across the reference loudspeaker. They are then 
in parallel with the 1 and 9 ohm resistors. If the values of the capacitor 
and variable resistor are suitable chosen, the voltage across the variable 
resistor will be essentially 90° out of phase with that appearing across 
the 1 ohm resistor. This requires that the current through the capacitor 
and variable resistor be much smaller than the current through the 1 and 
9 ohm resistors. Also the reactance of the capacitor must be much greater 
than the resistance of the variable resistor. The result is that the 
current through the 1 ohm resistor is essentially in phase with the emf 
generated in the loudspeaker, while that through the variable resistor is 
essentially 90° out of phase. The actual values used are such that 
X ^ 33J000 ohms, and the variable resistor is a 100 ohm helipot. With 
these values the reference and quadrature voltages are correct in phase to 
within a few minutes of angle. 
The impedance of the secondary of the bridge is never more than 150 
ohms, and is usually less than 100 ohms. The input impedance of the phase 
sensitive amplifier is greater than a megohm. Thus using the maximum 
power transfer relation 
Z if = Z. , 
source input 
where W is the turns ratio of the matching transformer, a ratio of 100:1 
was selected for the input transformer. This simple rule does not 
necessarily give the optimum turns ratio, but it works well enough when 
21 
maximum sensitivity is not required. 
.The phase sensitive amplifier consists of a high gain, narrow band 
amplifier followed "by a phase sensitive detector with unity gain. The 
output from the phase sensitive detector is D.C. and ,is displayed by a 
meter on the front panel; or it can be recorded on a chart recorder. The 
phase sensitive detector required an input voltage of 1 or 2 volts at a 
frequency precisely equal to the signal of interest, and vfith a constant 
phase relationship relative to the signal to be detected. This was 
obtained by taking the voltage across the 1 ohm resistor and amplifying it 
with a lov7 gain, high input impedance (l megohm) amplifier (Figure 4). To 
prevent ground looping, the voltage out of the amplifier was transformer 
isolated before being lead into the phase sensitive detector. This is 
necessary because the low side of the amplifier input, and the loif side of 
the phase reference are in common, . 
When the bridge is not balanced, the phase sensitive detector indi­
cates whether more or less reference voltage is required. To null the 
quadrature component, the output from the narrow band amplifier is mon­
itored on an oscilloscope, and the quadrature voltage is varied until a 
minimum is obtained. The general procedure is to first vary the quadra­
ture voltage for a minimum, at low gain, then the reference voltage is 
adjusted for a rough null. The ^in of the amplifier is then increased, 
and the process repeated until the noise level prevents the reading of more 
significant figures. 
Minimizing eddy currents was one of the primary design criteria for 
the tails of the isolation dewar (Figure 5)« The outer tail was con­
structed from four semi-cylinders of phosphor bronze. Phosphor bronze 
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strips 0.01 inch thick were pressed in a cylindrical mold at high tem­
perature. After relaxation when the mold was removed, their cross section 
was still approximately a semi-circle with a 0.75 inch diameter. Aluminum 
foil was epoxyed to the inner surfaces of two of these semi-cylinders. 
They were trimmed so that their edges did not touch, and then were held 
tightly against a teflon rod with a 0.75 inch diameter. Their outer 
surfaces were coated with Armstrong type C-1 epoxy and wrapped with l/k mil 
mylar. The inner surfaces of the second pair of semi-cylinders were coated 
with C-1 epoxy and held firmly against the mylar wrapping of the first 
pair such that their edges did not touch. 
After curing, the ends of the tube were trimmed. A nylon cap was 
epoxyed to one end and a "brass adapter to the other. The resulting tube 
was strong, vacuum tight, magnetically inert, and would not allow a circu­
lar path for eddy currents. 
The requirements to "be met "by the inner tail were more stringent. It 
was to be a heat leak can. Heater windings along its length would regulate 
its temperature, and the sample would be thermally coupled to it with 
helium exchange gas. For rapid thermal equilibrium, this requires good 
thermal conductivity along the length of the inner tail. Since the tem­
perature range of the tail was to be from to 300°K, its resistivity 
should be a very slowly varying function of temperature in order to mini­
mize the ten^erature dependence of the eddy current losses. 
The inner tail currently in use was made from a tube of beryllium-
copper with 2-3% beryllium. It has an I.D. of O.25O inches and a wall 
thickness of 0.01 inches. It was slit lengthwise with a spark cutter 
using a fine copper wire as the cutting element. The slit runs frou the 
bottom to within one inch of the top. This un-slit region at the top is 
à)Out six inches away from the sample. Therefore the dipole field from the 
sample, and the resulting eddy current problem, is considerably reduced. 
The slit tube was coated with C-1 epoxy and wrapped With 1 mil mylar. The 
lower end was sealed with a nylon cap epoxyed in place. The upper end was 
soldered into a brass adapter. 
The heater was wound astatically onto the inner tail with number 36 
maganin wire. The windings were spaced uniformly along the inner tail 
except for a one inch gap in the region of the sample. The absolute 
thermocouples (i.e. the ones used to read the sample temperature) were 
thermally anchored to the tail in this gap. Thermocouples were also used 
as the sensing elements for the automatic temperature control system. 
These thermocouples were thermally anchored to the tail under the heater 
windings in order to obtain a fast response time. 
Each thermocouple was a three wire junction of copper, constantan, 
o 
and gold-iron. A Cu vs constantan thermocouple was used above about 20 K, 
and a Cu vs Au-Fe thermocouple below 20°K. The composition of the latter 
was Au 0.03 at.^i Fe. It came from a roll of wire calibrated by W. Gray 
of this laboratory by comparison with a calibrated germanium resistor. 
The calibration used for the constantan wire was that reported by Powell 
et al. (19)0 Before they were mounted, the sample thermocouples were 
tested to 100 kilpgauss at 4.2°K to look for field effects. Within the 
resolution of the Leeds & Northrup type K-3 potentiometer there was no 
magnetic field effect. However, the older Au-Fe wire used in this labora­
tory with a composition of Au O.O7 at,^ Fe showed a pronounced field effect 
at 4.2°E. 
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Due to inliomogeneties in the distribution of impurities in the tharrao-
couple wires, different thermocouples prepared from the same roll of wire 
will differ by several microvolts at low temperatures. Both of the thermo­
couples used were normalized to the calibration curves by the method 
described by Rhyne (20), 
The absolute thermocouples were read with a Leeds & Hbrthrup type K-3 
potentiometer and null detector. The sensing thermocouples were read with 
a Rubicon type B-2 potentiometer. The desired emf was set on the potenti­
ometer and the error voltage read by a Keithly model 153 micro-voltmeter. 
The output from the Keithly was fed into a temperature control amplifier 
and power supply described in reference 20, The temperature of the sample 
was controlled to within ± 0.1°K, The absolute temperature was read to 
the nearest 0.1°K with an overall accuracy estimated to be ± 0.5°K. 
Solenoids wound with Nb^Sn ribbon show considerable hysteresis. After 
being driven to full field and then back to zero current, our R.C.A. 100 
kilogauss solenoid would still maintain a residual field of nearly 6 
kilogauss at the field center. It was therefore necessary to measure the 
magnetic field directly, rather than use a plot of current vs field. This 
was done by using the magnetoresistance of a coil of copper wire. The 
coil consisted of 3000 turns of number 46 thermocouple grade copper wire 
wound astatically on a form machined from glass base phenolic resin. 
After winding, it was potted in G.E. adhesive and strain annealed for 
several hours at 200°C, 
The coil form fit snuggly into the 1,01 inch bore of the solenoid. 
In addition it was "cemented" in place with a layer of vacuum grease 
between the coil form and the bore of the solenoid. The resistance of the 
copper wire was measured using a four probe method. The current was 
measured by reading the voltage across a 1 ohm standard resistor with a 
Leeds & Northrup type K-3 potentiometer and null detector. It was adjusted 
to 1 milliampere before each reading, forward and reverse. The voltage 
across the copper coil was then read with the same potentiometer. 
The magnetoresistance coil was calibrated against a small probe of 
copper wire wound from high purity copper wire (99.999^) inade by Sigmund 
Cohn Corporation. This small probe was calibrated against an K.M.R. 
gaussmeter in a high homogeneity 60 kilogauss solenoid. Above 4 kilogauss, 
the resistance of this probe was linear with field, and was assumed to 
remain so up to 100 kilogauss. The magnetic field is read to the nearest 
100 gauss with a relative accuracy, below 60 kilogauss, of 100 gauss. The 
overall accuracy is estimated to be ± 0.5%. 
The first set of pickup coils were wound on the same coil form as the 
magnetoresistance coils (Figure 6). This location was selected because 
the coil form would be rigidly secured to the bore of the solenoid so that 
the pickup coils could not move relative to the field. Also they would 
always be at so that their dimensions would be fixed. Early measure­
ments on high purity Fe samples from 20 to 100 kilogauss showed a marked 
increase in the apparent iron moment—a nearly "JQffo increase. This was a 
result of magnetic images generated in the superconducting ribbon of the 
solenoid. A ring of image dipoles is formed in the ribbon which move 
exactly in phase with the sample. Hence they generated an emf in the pick­
up coils that could not be separated out by the bridge circuit, and which 
was in the opposite sense to that generated by the sample moment. Because 
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the ribbon is a type II superconductorj the strength of these images 
decreases with increasing field "because of increasing flux penetration. 
These early isotherms indicated that the magnetic images would reproduce 
to l/4'^ or "better. 
Shortly after these tests were made, the solenoid was quenched from 
95 kilogauss when a current lead opened up. Su'bsequent isotherms with Fe 
samples showed an entirely different curve shape with a total increase in 
the apparent moment of the Fe samples of approximately Unfortunately, 
neither the curve shape nor the endpoints would reproduce satisfactorily. 
They depended strongly on the magnetic and thermal history of the solenoid. 
Many different schemes were tried to "season" the solenoid "before taking 
data, "but none were successful. 
To minimize the sensitivity of the pickup coils to the magnetic 
images, a new set of coils was wound on the inner tail of the isolation 
dewar. This placed them as close as possible to the sample, and as far 
as possi'ble from the magnetic Images. These new coils gave somewhat higher 
sensitivity, as well as being less sensitive to images by a factor of 7. 
However, the curve shape and endpoints were still too sensitive to the 
history of the solenoid. To make high precision measurements it was found 
necessary to "season" the solenoid by first driving it to full field, then 
to -2 amps before starting an isotherm. 
The thermal expansion of these new pickup coils caused a change in the 
effective area turns of the pickup coils with respect to the dipole field 
of the sample. This effect was quite reproducable, and amounted to about 
a 1^ correction from 4.2°% to 300°K. 
A more serious problem with the new pickup coil location was mechan­
ical noise. If the spacer on the end of the sample rod were allowed to ruh 
hard on the inner tail, the resulting high noise level could cut the system 
sensitivity by a factor of 20 or more. In addition, great care had to be 
taken that no water vapor or air were allowed to freeze to the inside of 
the inner tail as this would also increase the noise level. 
Bo Magnetization Measurements 
The first step in calibrating the magnetometer was to check for 
changes in the apparent moment of an Fe sample at fixed field and tempera­
ture. The long term drift was generally less than ± l/4%. On days when 
the magnetic images were reproducing well, the drift at fixed field and 
temperature was considerably less. . The system was then tested for tempera­
ture dependent errors by a measurement of the apparent moment of an Fe 
sample from 4,2°K to 300°K at fixed field. This was done several times 
to average out any drift due to changes in the images. The measured 
moments were compared with the very precise values for the moment of Fe as 
a function of temperature as reported by Argyle et (21). A standard 
curve was constructed by taking their data from 4.2°K to 1^0°K, the value 
for Fe at 288°K reported by Danan (22, 23), and fitting a smooth curve 
through them. 
Before making high accuracy isotherms, it was necessary to season the 
solenoid and then run two isotherms on an Fe sample to determine whether 
or not the images were reproducing sufficiently well. After every time the 
solenoid was quenched, it was necessary to warm it up to near room tempera­
ture and then run $ or 6 isotherms to stabilize the magnetic images. Once 
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the images were known to be reproducing within the desired accuracy, the 
unknown was substituted against Fe at fixed field and then the ratio 
transformer readings were recorded as a function of field. These were 
converted to moments per gram from the following relationship 
m^ G (H,T) F(T) 
where m^^ and are the weights of the samples; and G^^ are the 
recorded readings on the Gertsch ratio transformer; and are the 
moments per gram; and F(T) is the correction factor which accounts for the 
thermal expansion of the pickup coils. The isotherm made with the Fe 
sample to calibrate the image behavior does not need to be made at the 
same temperature as the isotherm on the unknown. However, the ratio of 
the Gertsch values must be taken at the same applied field to account 
correctly for the magnetic images. 
To make isofield measurements, the Fe sample was inserted and the 
Gertsch reading recorded with the field fixed, and a sample temperature 
of T'. Then the unknown was inserted. The Gertsch readings were recorded 
as a function of temperature. They were converted to moments per gram 
from the following relationship 
HL G (T)F(T) 
where the symbols have the same meaning as above, except that the Gertsch 
readings are now only a function of temperature. 
Because of thermal expansion of the sample rod, the vibrator assembly 
was moved vertically, at each temperature, until a maximum signal was 
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obtained. In addition, the vibrator assembly was moved horizontally to 
obtain a maximum signal every time the sample rod was removed and re­
inserted. With careful centering it was possible to reproduce the Gertsch 
reading to ± 0.1'^ after removing and reinserting the sample at fixed field 
and temperature. 
Because of the problems which arose in trying to correct for the 
magnetic images, we required a standard sample whose magnetic moment was 
icnovj-n at all fields up to 100 kilogauss at some temperature. The moment 
of Fe was known up to 20 kilogauss at high temperatures (22). However, 
the reported values for the high field susceptibility are not consistent 
(24, 25). They are small enough that neglecting the high field suscep­
tibility would not cause more than about a l/2% error at 100 kilogauss. 
Hence, the value used for the moment of Fe between 20 and 100 kilogauss 
was that reported by Danan at 20 kilogauss. Once the high field suscep­
tibility is well known, the data can be readily corrected for it. 
Fe was ultimately chosen for the standard rather than Ni, because the 
moment per gram of Fe is similar to that for the saturated rare earths. 
Thus any moment dependent system errors would be less important. To check 
for such system errors, two different sized Fe samples were measured. 
Their values agreed with 0.1^. Then to check for system errors at lav-
moments, two different sized ETi samples were run. An isotherm was taken 
at 200°K using the smaller sample (0.01050 grams). Its measured value 
agreed with the reported value (22) at 20 kilogauss but increased linearly 
ith field with a slope of 0.175^/kilogauss. The larger sample (0.07802 
grams) was run at 150°K. It was also in agreement with reported values 
at 20 kilogauss; and increased more slowly with field above 20 kilogauss. 
with a slope of 0.024^/kilogauss, At 4.2°K, the measured moment of the 
smaller sample was essentially constant, "but about 2 l/2% high. Tlie 
larger sample was 0.6% low at 4.2°K, and essentially constant with field. 
The origin of these low manentj high temperature errors is not known; nor 
have they been adequately mapped out to allow high accuracy measurements 
at higher temperatures on weakly magnetic materials. 
The paramagnetic isotherms on thulium were corrected as follows. From 
the two high temperature runs on the Ni samples, a plot was made (with two 
points) of the per cent error per kilogauss vs the sample moment. A 
linear extrapolation was assumed between the two points. Using this cor­
rection, the paramagnetic isotherms were linear with field, but did not 
pass through the origin. The raw data did not pass through the origin 
either, and the cause of this problem is not currently known, 
C. Sample Preparation 
The thulium used in this study was produced at the Ames Laboratory by 
an ion exchange process (26) for the separation of the thulium from the 
other rare earths, and a reduction to the pure metal from the fluoride. 
The metal was then arc-melted on a cold copper hearth into a button. Large 
thermal strains, frozen into the button by this process, nucleate the grain 
growth when the button is annealed at a temperature just below the melting 
temperature (27). Because of the high vapor pressure of thulium, it was 
necessary to seal the button in a tantalum crucible with a 0.5 atm. of 
helium prior to the annealing operation. The samples used in this study 
were cut from crystals grown by L. Roger Edwards (4) who describes the 
method of growth more fully in his thesis. 
3  ^
The samples were prepared by first cutting cylinders out of a large 
crystal of thulium using a Servomet spark cutter. A thin walled tube of 
tantalum was used as the cutting tool. These cylinders were then mounted 
in a Jacobs chuck and rotated at ~ 500 rpm with a small motor. The axis 
of rotation was perpendicular to the cutting head of the Servomet spark 
cutter. A slightly smaller diameter tube of tantalum was used as the 
cutting tool for this operation. The diameter of this tube was selected 
so that the resulting rough spheres of thulium would be ~ 0.020 Inches 
oversized. 
The rough spheres were trued up and polished by the following tech­
nique suggested by Walt Gray of this laboratory. A pair of copper tools 
were cut on a lathe using 3/8 inch cylinderical stock.• A 1/2 inch length 
of copper was turned down to a diameter about equal to the diameter of the 
spherical samples to be polished. A hole was drilled into the end of this" 
tip so that the resulting wall thickness was about 0.020 inches. One tool 
was mounted in a lathe and turned at high speed; the other was held by 
hand. Both tools were loaded with grade 3 diamond paste. The sample was 
held between them with the hand held tool at an angle to the driven tool. 
The hand held tool was then twisted and moved so that the sample rotated 
randomly between the tools. The tools were held lightly against the sample 
to prevent seriously straining it. 
After the sample was hand polished, it was electropolished to remove 
the strained material near the surface. It was necessary to remove about 
0.010 inches in diameter before a good X-ray pattern could be obtained. 
The samples were weighed, then aligned by Laue back relfection of X-rays. 
The sample holder was mounted in a jig so that its axis was parallel to 
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the X-ray "beam. When the sample orientation was satisfactory, the holder 
was brought up against the back of the sample and glued to the sample. 
36 
IV, EXPERIMENTAL RESULTS 
The magnetic moment per gram of thulium in the <1010 and c-axis 
directions was measured as a function of temperature and field from 4.2°K 
to 300°K, and from 15 kilogauss to 100 kilogauss. The results for the 
<1010> direction are shown in Figures 7j 8, 9j 10, and 12. The isofields 
shown in Figure 7 increase with decreasing temperature with a sharp peak 
near then decrease rapidly with decreasing temperature. The tempera­
ture of the peak shifts slightly to lower temperatures with increasing 
applied magnetic field. This is characteristic of the transition from 
paramagnetism to antiferromagnetism. The K^el temperature of 58°K found 
from these isofields is in good agreement with neutron diffraction results 
of Koehler et a2. (2), and the electrical resistivity and thermoelectric 
power results of Edwards (4). 
Figure 9 shows that in the <101Q> direction, thulium remains magnet­
ically hard to at least 100 kilogauss. The results of Foner et , shown 
on the same figure, are in considerable disagreement with this result. It 
is felt that this reflects severe structural flaws in their sample which 
was grown by vapor deposition (28), 
The plot of l/x vs T for the <L010> direction (Figure 12) gives a 
ë 
o paramagnetic Curie temperature of -17 K, and a value for the number 
of effective Bohr magnetons, of 7.62p^. The plot of l/x^ vs T for the 
c-axis gives a paramagnetic Curie temperature of 1+1°K, and a value for 
'^eff 7.6lpg° These agree well with the polycrystalline values of 7.6p^ 
reported by Rhodes et (5), and 7»56)0^ reported by Davis £t al, (6). 
The theoretical value for the free tri-positive ion is 7.56|j^. 
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The isofields for the c-axis (Figure 13) give considerably more infor­
mation about the low temperature structure of thulium. At 13.5 kOe, a, the 
moment per gram, increases with decreasing temperature and peaks sharply 
at 57°Ko It then drops rapidly with decreasing temperature, hut levels 
out around 4l°K and increases towards a value of 33«23 emu/gram at 4.2°%. 
c is essentially constant from 10°I{ to 4.2°K and probably remains so to • 
0°K. With increasing field, the transition from paramagnetic to anti-
ferromagnetic "behavior shifts rapidly to lower temperature, and the peak 
value of cT increases sharply. Even at 25.0 kOe, however, there remains a 
shallow dip "between the peak at 52.5°% and the saturation near 0°K at 
33.57 emu/gram. The 4.2°E isotherm for the c-axis, shown in Figure l4, lies 
about 0.3% below these values. Extrapolated to zero field it gives a value 
of 33.05 emu/gram. Hence the average of these 4.2°K 'isotherms' would give 
a value of 33.25 emu/gram at zero field—or a value for the moment per 
ion of loOOl ± .005 Bohr magnetons per atom. 
This agrees well with the ferrimagnetic structure reported by Koehler 
ejt s2., (2). Their neutron diffraction studies showed that at the 
moment at each ion site had a value of (6.8 ± 0.4)^^., Each layer was 
ordered ferromagnetically along the c-axis direction. However successive 
layers along the c-axis order with the spins of the 4f electrons either 
parallel (+) or antiparallel (-) to the c-axis direction in the following 
sequence: +—++— for the k = 0 sites, and +—+—+ for the k = I/2 sites. 
This repeats every seven layers and gives overall -4, +3, -4, +3, ' ' '> 
with a net moment along the c-axis direction of 1.0^ per atom. 
This ferrimagnetic coupling can "be readily overcome "by magnetic fields 
applied along the c-axis. From Figures 13 and l4, it is apparent that 
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nearly complete ferromagnetic alignment along the c-axis can "be obtained, 
at low temperatures with internal fields just a few kilo-oorsted above 
some critical field. At 4.2°K the critical field is 27.9 kOe; and at 
32.7 kOe the moment has already reached 7.07^g per atom.- By 42 kOe thulium 
is essentially saturated at 7°13^g per atom. At 85.4 kOe it has increased 
to 7.l4)ig per atom indicating a very small high field susceptibility. 
Figure 15 shows the critical field as a function of temperature. It 
changes very little from 4.2°K to 25°K, then increases smoothly to a 
maximum around 39°K after which it falls off rapidly. The isotherm at 
55°K showed no critical field. 
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V. DISCUSSION 
C 
Thulium obeys the Curie-Weiss law g j above the N^el tempera­
ture. The effective moment of 7*6l|ig determined in this study agrees well 
with that calculated for the tri-positive ion of "Hais is good 
evidence for the validity of Russell-Saunders coupling and Hunds' rules as 
used to determine the ground state of the tri-positive ion. This "behavior 
is characteristic of the heavy rare earths. It is also characteristic that 
the measured values for the effective moment tend to be just a little 
larger than the theoretical value. This might represent an electronic 
contribution. The conduction electrons near an ion site are polarized by 
the large local moment of the 4f shell, and could thus be thought of as 
enhancing slightly the moment at each ion site. The precision of these 
measurements would only allow an order of magnitude determination of such 
a contribution, however. 
An expression for the c-axis and basal plane Curie temperatures 8„ 
and was given in Equation 2.19 from which it follows that 
8 = 1/3(0» 29j_). This was not found to hold for thulium. Both Davis 
et al. (6) and Rhodes ^  al. (5) found values for 0^ of 20°K. In this 
study 011 = 4l°K, and 9^^ = -17°K. This would give a value for 9^ of 2°K. 
This difference is well outside any experimental error. It was at first 
thought that some- preferential ordering in their samples would account for 
the discrepancy. However, from the l/x plots for the c-axis and the 
§ 
o O 
<101Q> direction, the moment for the two directions at oO K and 12 kOe was 
computed. Then these values were compared with the 12 kOe isofield data of 
Davis et al. This showed that the sample used by Davis was in fact 
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polycrystalliue and did not favor the c-axis as would be required to 
explain the difference in the values for 8^. 
The expression G = l/3(0„ + 28^) does not hold for Tb or i)y either 
(29a 30)0 Tile Hamiltonian from which Equation 2.19 was calculated included 
the exchange interaction and only the lowest order anisotropy term. The 
discrepancies "between the 0^ values, perhaps indicates a need for the higher 
order terms to be included even though their corresponding energies are 
known to "be smaller than that for the lowest order anisotropy term. 
The value for -the H^el temperature of (58.0 ± 0.5)°K was extrapolated 
A?om the <1010> isofields "because in the <101Q> direction, the Wei temper­
ature changed only slightly with applied field. This is in very good 
agreement with the value of (57*5 ± 0.5)°X reported "by Edwards (h). It 
also agrees well with the average of the value reported by Davis et al» 
(6)—60°Kj and Koehler et (2)—p6°Ko 
The magnetization data below the E^el temperature, dovm to about 45 
are consistent with the sinusoidal antiferromagnetic structure along the 
c-axis reported by Koehler et For small applied fields, the suscepti­
bility along the c-axis is about five times larger than that along the 
<101Cc>, which is consistent with a large axial anisotropy. Also the high 
field isotherms for the <101Ct> direction increase smoothly up to the 
highest fields used. For a conical anti-phase domain structure, such as 
in Er between b5°K and 50°K, the basal plane isotherms show more structure. 
There is an initial increase as the moments are pulled to one side of the 
cone, then the magnetization increases very slowly until a sufficiently 
high field is reached so as to pull the moments off the ccne. Thus the 
<1010> direction isotherms suggest an axial structure below the E^el 
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temperature. 
.The 13.55 kOe isofield for the c-axis shows very succinctly the 
squaring up of the sinusoidal structure. The decrease in mcment with 
decreasing temperature below the N^el temperature is' typical of an anti-
ferromagnetic structure. But at 4l°K the moment goes through a minimum 
and begins to increase again. Thus higher harmonics are definitely present 
at 4l°K, and probably first make a significant contribution a few degrees 
above this. From this isofield, it appears that the structure is essen­
tially squared up at 20 or 25°K. 
As described in Chapter IV", the best value for the moment at 
and zero field is 33.25 emu/gram, or (l.OOl ± .005)|j^ per atom. This 
agrees very well with the -4, +3, -4, +3, • • • quais-anti-phase-domain 
structure along the c-axis reported by Koehler et a2., with a moment per 
atom of T-OiXg" 
The plot of the critical field, vs T (Figure 15) also shows the 
beginning and conclusion of the squaring up process. This can be under­
stood by considering the expression for H^: 
(<U1>7 " ~ " ^ ferri, or s.w. 
where <\}>y the value of the magnetic moment averaged over seven layers 
along the c-axis, juj is the absolute value of jj,, F^ is the free energy of 
the ferromagnetic structure, and F^ is the free energy of the 
° ' ferrx, or s.w. 
ferrimagnetic or sine wave structure—which ever is appropriate to the 
temperature region of interest. Equation 5»1 expresses the fact that the 
structure changes when the difference in the free energies equals the 
difference in the magnetic energies due to the applied field. The absolute 
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value of p is used in the first term on the left, "because in the sinusoidal 
region, the applied field does not cause immediate saturation above the 
critical field. Instead the structure is expected to go from 
<J^> = MJ sin (q • R + ô) (5.2) 
to 
<J^ ~ Mjjsin (q. " R + ô)j (5.3) 
in the sinusoidal region = 0, and <| |i|>y = aMJ, where a is a 
constant whose value is near 0.7. In this region the free energies go like 
&^(T) (neglecting entropy). Thus, crudely, one expects the temperature 
dependence of to go like ]y?(T)/M(T), Once the structure "begins to 
square up <p>y -* I/7 MJ and <|p,|>y -» MJ. Thus the left side of 5.1 changes 
relatively rapidly from ~ 0.7MJ to ~ O.85MJ. But in this temperature 
region M(T) is changing smoothly with tempei-ature, and the free energies 
are "becoming more nearly equal anyway due to the decreasing importance of 
the entropy contri'bution (i.e. F = E - TS). Therefore with decreasing 
temperature, the rate of increase of ;d.ll change as the higher harmonics 
come ino From Figure 15, this appears to be at about i+2.5°K. Then at 
about 25°K, "becomes nearly constant. This indicates that the structure 
has essentially finished squaring up. The left side of Equation 5.1 would 
again go like constant • MJ, whilo the froo cnorgiûs would, go liko M^". But 
below 25°K, M and it change little and are nearly equal (Figure 17). This 
would thus give a nearly constant value for H^. 
The approach to saturation along the c-axis for fields above the 
critical field was so rapid (Figure l4) that it was not possible to deter­
mine a(«>,0) in the usual manner—plotting a(H,T) against 1/H or l/pf to 
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Figure 17. The reduced moment per atom and the reduced moment per atom 
squared as a function of temperature for thulium (l) 
find cr('=,T), then plotting CT(OOJT) VS or to obtain a(oojO). Instead, 
from an examination, of Figure l6, it was felt that Tra was essentially 
saturated at 60 kOe at 236.0 emu/gram with a smll high field susceptibil­
ity above this. This gives a value for a{^ fO) of (7.14 ± .02)^ ,^  per atom, 
using a value of 221«7 emu/gram as the moment of iron at 60 kOe and 4.2°K. 
Figure I6 shows two 4.2°E isotherms for the c-axis. The first iso­
therm was the first high field, low temperature data talcen on this sample; 
and was thus the first time that the ferrimagnetic structure was decoupled 
to give ferroiaagnetism. The last isotherm was taken, to see if the sample 
had been damaged by the considerable exposure to hi^ fields at low and 
moderate temperatures that it had experienced» The <1010> sample was 
observed to suffer permanent damage after most of the desired hi^ field, 
low temperature data had been taken. The damage was observed when an 
isotherm for the sample taken at 20°K showed a surprising curl upward at 
.high fields. When the isotherm was re-run, the data showed an abnormal 
sharp increase in the moment near 30 kOe after which it increased normally 
with field. An isotherm was then taken at 4.2°K with similarly anomalous 
results. It was concluded that the sangle was no longer a single crystal. 
The second isotherm shown in Figure I6 was taken after the solenoid 
had recently been quenched and the magnetic images were not well 
stabalized. Equipment difficulties after this run was taken prevented re-
checking it. The agreement between the two runs is quite good above 60 
kOe. The greatest discrepancy is at 42 kOe where the second run is about 
0.3^ higher. This is not really outside of experimental error, so it 
appears that no significant changes occurred in the c-axis sample. 
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The theoretical value for the saturation magnetization is gJ = 7.0^^. 
Urns the conduction electrons are contributing (Ool4 ± .02)|j^o Equation 
2.34 gave the conduction electron contribution to the spontaneous magneti­
zation for a ferromagnetic structure as 
Og = -3ZBVa(g - DJwg/kEp . 
The conduction electrons would thus contribute this factor to the satura­
tion magnetization, plus some additional contribution due to their 
paramagnetic susceptibility. Since the local fields at each 4f shell that 
give rise to are much greater than any applied fields available in the 
3 
laboratory, the contribution from applied fields can be neglected. Hence 
the conduction electron contribution to the saturation magnetization should 
be nearly that given by Equation 2,3^. Since and E^ change very little 
from Gd to Tm, should vary as (g - l)j through this series. For Gd, 
S 
Nigh (27) found a conduction electron contribution of (0,55 ± ,02)(j^. For 
Gd, (g - l)j = 7/2; and for Tm (g - l)j = 1, This would suggest a value 
of CTg = O.lSpg for Tm, which agrees well mth the measured value of 
(0.14 ± .02)iig. 
Including the high field susceptibility for Fe would increase the value 
of. ct(<»,0) only slightly.. Using the res'olts of Freeman et al. (2^J, the 
moment of Fe at 60 kOe would be ~ 0.2 eiau/gram higher than at 20 kOe. This 
would then give a value for a(°')0) of ± .02)|j^ per atom. 
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VIII. APPENDIX 
A. Sample Specifications 
The standard Fe sample weighed 0.C6301 grams, and had a diameter of 
approximately 0.100 inches. The Tm samples were prepared so as to have 
diameters close to, but not greater than 0.100 inches. The Tm sphere used 
to take the <1010> data had a diameter of ~ 0.099 inches and a weight of 
0.08518 grams. The Tm sphere used to take the c-axis data was etched down 
to a weight that would give a total moment very nearly equal to that of 
the Fe sample. Its weight was 0.06360 grams with a diameter of ~ O.090 
inches. The two Kfi spheres used to determine the system errors in the 
high temperature, low moment region had weights of 0.07802 grams and 
0.01050 grams with diameters of ~ O.IO3 inches and ~ O.O5I inches. 
B. Sample Impurities 
The analysis was made on a piece of the same button from which both 
samples were cut. 0^, and impurities were deteced by vacuum fusion 
analysis, and the other impurities were determined by serai-quantitative 
analysis and are accurate to 20%. All impurities are recorded in ppm by 
weight. Lantlianum, cerium, neodymium, samarium, europium, gadolinium and 
terbium are not detected. 
Table 1. Sample impurities 
Impurities Tm Impurities Tm 
A1 < 60 Lu < 200 
Ca <20 Ho < 200 
Cr <20 Y < 200 
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Table 1 (Cont.) 
Impurities Tm Impurities Tm 
Fe < 50 Cu . T 
Mg < 10 Dy • T 
Ni < 50 °2 83 
Si < 60 
^2 -
Er <30 5 
Yb < 10 
The residual resistivity (pj, ^  and the resistivity ratio (p^oc/Plf 2) 
are also indicative of sample purity. One of the resistivity samples used 
"by Edwards (4) was cut from the same button as the samples used in this 
study. He measured a residual resistivity for this sample of 2.39^0-cm, 
and.a resistivity ratio of 38.1. 
The standard Pe sample was cut from a bar of Fe obtained from the 
United States Steel Company. They gave a resistivity ratio in zero 
magnetic field of 23O. The impurity analysis in Table 2 was made by their 
laboratory using a mass spectrometer, unless otherwise noted. All impuri­
ties are in ppm by weight. 
Table 2. Impurities for the iron sample 
Impurities Fe Impurities Fe 
A1 2 1 (internal <0.2 
friction) 
As 0.4 0. 1.1 d 
Ca 2 P 1.2 
C (internal 3.4 Pt ^ 0.07 
friction) 
6l 
Table 2 (Cont.) 
Impurities Fe Impurities Fe 
Cr 10 K 0.2 
Co 10 Si 2 
Cu 1.5 Ag 0.04 
Ge ^ 1.5 m 0.012 
^2 0.09 s 0.5 
Mg 0.3 Ta 7 
Mn 3 8n 0.08 
Hg 0.3 Ti 0.6 
Mo 0.8 W 0.04 
• m 4 V 0.3 
m ^ 0.05 
The nickel samples were cut from a rod of polycrystalline nickel 
obtained from the Gallard-Schiesinger Chemical Manufacturing Corporation, 
Carle Place, E.Y. It was claimed to "be 99-999^ pure by weight. Single 
crystal samples were grown from this same lot by D. Stone of this labora­
tory and used for de Haas van Alphen effect measurements. This speaks 
well for the purity of the metal. 
C. Tabulation of the iyfe,gnetic Moment Data 
The magnetic moments are.recorded in units of emu/gram, the tempera­
tures in °K, and the magnetic fields in kilo-orested. 
62 
Table 3- Experimental data for the c-axis crystal with 13.55 kOe applied 
field 
a a T a T 
2.91 287.7 29.25 61.2 • 17.24 40.4 
3.37 249.8 30.28 60.1 17.84 37.4 
4.25 200.4 32.36 58.8 20.42 31.7 
6.l6 150.3 33.80 57.6 23.70 27.3 
8.44 120.3 33.28 56.1 27.49 22.9 
11.32 100.0 30.31 54.5 31.10 18.0 
16.79 80.0 24.49 52.2 32.69 l4.o 
22.05 69.8 20.18 48.5 33.18 9.9 
25.34 65.4 17.68 43.9 33.23 4.2 
Taible 4. Experimental data for the c-axis crystal with 25.0 kOe applied 
field 
a T a T a T 
4.86 287.6 60.60 58.0 30.31 41.5 
5.64 249.7 66.19 55.9 28.74 38.6 
7.37 209.7 70.82 54.1 28.16 35.6 
9.12 170.0 77.10 52.2 28.39 32.0 
10.63 150.3 75.88 52.1 29.48 27.9 
19.86 100.2 72.40 51.6 30.80 23.6 
28.68 80.2 58.21 51.0 32.41 18.8 
36.99 70.6 46.47 49.9 33.18 15.1 
44.20 65.3 41.43 48.9 33.55 10.0 
48.64 62.7 37.05 47.0 33.57 4.2 
54.17 50.2 32.88 44.1 
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Table Experimental data for the c-axis crystal with kO.l kOe applied 
field 
cr T a T a T 
7.51 287.7 59.56 , 70.3 207.37 36.7 
8.70 250.0 68.59 . 65.3 219.33 32.5 
10.00 220.4 81.84 60.3 223.70 29.7 
12.43 190.1 101.32 54.8 230.16 24.8 
15.53 160.1 114.42 52.1 233.25 19.9 
20.75 129.9 132.47 48.9 234.09 14.9 , 
26.68 110.2 148.97 46.5 234.36 9.8 
37.93 90.0 170.19 43.0 234.54 4.2 
46.64 80.1 184.67 40.7 
Table 6. Experimental data for the 
field 
c-axis crystal with 6O.8 kOe applied 
a T a T a T 
These data were taken 
from, isotherms 
45.7 
65.3 
100.0 
80.5 
226.6 
231.8 
30.0 
25.0 
13.5 250 123.1 59.0 234.5 20.0 
17.5 200 176.1 45.0 235.4 15.0 
25.9 150 200.0 40.3 235.6 10.0 
34.9 120 218.2 34.9 .235.7 4.2 
Table 7. Experimental data for the 
field 
c-axis crystal with 80.5 kOe applied 
0" T T T 
These data were 
from isotherms 
taken 204.7 45.0 
23.5 200.2 216.4 39.9 
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Table 7 (Cont.) 
a T 
34.5 150.2 223.0 . 35.0 
46.7 120.6 229.8 30.0 
68.4 95.2 233.6 25.0 
These data were extrapolated 235*6 20.0 
from isotherms made from 
earlier isofield data 
p 36.17 15.0 
90 80 236.21 10.0 
112 70 236.23 4.2 
148 60 
Table 8. Experimental data for the c-axis crystal with 94.3 kOe applied 
field 
a T a T a T 
27.6 200.2 163.0 59.1 234.1 25.0 
41.6 150.2 178.9 54.3 235.6 20.0 
55.2 120.0 192.3 49.9 236.1 15.0 
72.8 99.8 O
J 
44.6 236.2 10.0 
93.2 85.0 215.0 40.5 236.2 4.2 
115.5 73.8 224.4 35.0 
139.0 65.2 231.5 29.2 
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Table 9. Experimental data for the c-axis crystal; these isotherms were 
used to determine the critical field as a function of 
temperature, and all fields recorded are internal fields in kOe 
28.3 112.6 
34.8°E 28.65 36.6 
25.5 29.1 28.8 100.0 
27.4 30.8 ^2,0*5 
28.95 39.5 27.50 60.3 
28.95 88.8 27.70 130.1 
28.85 139.8 
%int cr Hint 0 , %int a 
0
 
CM lf0.0°K - 50.0°K 
17.35 27.7 27.95 34.3 16.15 29.1 
21.8 28.32 29.05 55.7 18.75 34.5 
26.3 30.5 29.0 104.8 21.2 4i.o 
28.0 106.5 29.15 176.3 23.5 53.0 
27.75 209.5 40.0°K (2^^ run) 25.75 93.1 
28.2 223.6 28.5 . 34.9 27.3 101.5 
30.0°K 29.05 92.5 29.85 108.9 
28.5 58.5 29.05 141.9 55.0°% 
15.75 44.4 
17.30 51.9 
18.9 56.8 
21.35 63.7 
28.1 81.5 
50.9 128.7 
64.6 150.0 
78.85 166.0 
Table 10, Experimental data for the c-axis crystal; these isofield data 
were used to construct the isotherms show in Figure ik^ and all 
fields are recorded internal fields in kOe 
Hint ' "tot ' 
50°K 
31.0 230.2 ~ 12.7 22.0 
51.8 231.8 23.1 49.0 
71.6 233.6 35.2 123.0 
85.0 234:1 54.5 158.0 
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Table 10 (Cont.) 
\nt ^ %int 
40°K 73.2 186.1 
33.0 188 86.6 195.0 
53.1 202 . 
62.7 208.5 
72.2 214 
85.7 217.8 
12.35 30.5 
21^4- 22.0 67.5 
36.2 99.5 
Table 11. Experimental data for the c-axis crystal; all fields are 
recorded as internal fields in kOe 
Hint a %int a 
k.2°K 4.2°% 
11.8 33.06 61,6 236.1 The last run made 
17.0 33.09 71.3 236.2 
on this crystal 
21.5 33.23 85.6 236.2 32.6 233.9% 
41.8 235.82 26.1 33.42 Direct substitutions 
27.9 108.1 42.2 235.0 51.6 235.92 
32.72 233.6= 61.7 235.95 61.25 235.9. 
42.2 235.2 71.0 235.9^ 
51.9 235.7 
80.65 236.0 
85.4 236.Og 
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Table 12. Experimental data for the c-axis crystal; all fields are 
recorded as internal fiels in kOe, and a' refers to data which 
have "been dorrected for known system errors 
Hint a 
/ 
a 
^int . 
a a' 
250°K 120.6°% 
22.6 5.25 - 5.4 3.79 -
40.69 9.16 8.8 9.4 6.38 -
60.3 13.5 12.7 13.3 8.78 -
79.45 18.05 16.55 22.1 13.63 -
200.2°K 31.1 18.62 18.3 
23.2 7.16 - 45.3 26.57 25.6 
41.5 ro
 
11.7 59.5 34.89 33.3 
60.3 17.6 1606 73.75 43.5 41.3 
79.4 23.44 21.7 87.9 52.18 49.6 
o 95.2°K 
150.2 K 
22.8 10.32 .. 13.5 13.03 
-
40.9 17.67 17.0 26.7 23.72 23.4 
59.8 25.98 24.6 40.3 34.96 34.2 
78.9 34.65 32.3 54.3 
46.80 45.5 
88.4 39.12 36.4 58.3 58.82 57.2 
82.2 70.78 -
Table 13. Experimental data for the <L010> crystal with 11.4 kOe applied 
field 
• 
a T a T a T 
1.94 289.4 6.34 58.0 4.12 30.0 
2.07 250.0 6.34 57.0 3.69 26.0 
2.42 200.0 6.25 55.0 3.20 22.0 
3.16 149.8 6.03 50.0 2.91 18.0 
4.44 . 100.0 5.71 45.0 2.71 14.0 
5.31 40.0 
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Table 13 (Cont.) 
T a T cr T 
5.30 80.0 5.09 37.5 ' 2.64 10.0 
6.04 65.0 4.80 35.0 2.64 4.2 
6.29 60.0 4.43 32.5 
6.33 59.0 
Table l4. Experimental data for the <L01Q> crystal with 27.4 kOe applied 
field 
CT T a T a T 
3.95 287.3 14.75 58.0 12.5 39.0 
5.73 200.6 14.78 57.0 11.7 35.0 
7.50 150.0 14.76 56.0 10.5 30.0 
10.5 100.0 14.7 55.0 8.3 25.0 
12.1 80.0 14.3 51.0 7.2 20.0 
14.1 65.0 13.9 47.0 6.4 15.0 
l4.6 59.0 13.3 43.0 6.16 10.0 
6.15 4.2 
Table 15. Experimental data for the <1010> crystal with 60.95 kOe applied 
field 
a T a T cr T 
12.6 199.9 32.1 58.0 28.7 42.0 
16.25 150.0 32.4 57.0 26.8 38.0 
19.8 120.0 32.4 56.0 24.9 34.0 
22.8 100.0 32.3 55.0 22.9 30.0 
26.8 80.0 32.0 53.5 20.5 25.0 
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Table 15 (Cont.) 
a T a 
30.7 65.0 31.6 
31.7 60.0 30.6 
31.85 59.0 29.8 
Ta ï 
51.0 ,17.4 20.0 
48.0 15.4 15.0 
45.0 14.7 10.0 
l4.6 4.2 
Table l6. Experimental data for the <1010> crystal with 91.1 kOe applied 
field 
c T a T cr T 
21.9 180.0 50.5 56.0 33.4 26.0 
26.0 150.0 49.0 50.0 29.7 20.0 
30.4 120.0 46.7 45.0 27.0 15.0 
35.4 100.0 44.2 40.0 25.5 10.0 
41.3 80.0 4i.o 35.0 23.5 4.2 
48.5 50.0 37.3 30.0 
Table 17. Experimental data for the <L010> crystal; all fields are 
recorded as internal fields in kOe, and a' refers to data 
•which have been corrected for knara system errors 
Hint Hint a 
24.9 
42.7 
6o.6 
79.4 
22.5 
220.5°% 
4.96 
8.38 
12.1 
16.08 
180.6°% 
5.47 
8.05 
11.4 
14.75 
23.5 
41.6 
59.9 
79.0 
23.38 
91.0°K 
10.3 
17.62 
25.43 
34.05 
7Q.2°K 
12.05 
17.1 
24.5 
32.8 
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Table 17 (Cont.) 
%int a a' • ^int a a' 
41.1 9.61 9.3 40.9 20.41 20.0 
60.1 14.1 13.3 59.7 30.08 29.2 
79.4; 18.95 17.6 73.98 37.56 36.6 
150.8°k 88.1 45.35 -
22.1 6.4 - 4.2°K 
40.8 11.42 11.05 17.15 4.13 
60.0 16.9 16.08 26.05 5.97 
70.3 22.55 21.1 35.6 8.06 
120. 8°K 45.3 10.35 
22.35 7.84 55.0 13.20 
4i.o 13.92 13.5 64.8 15.69 
59.8 20.34 19.4 74.7 18.85 
79.1 27.28 25.8 84.15 21.59 
88.95 23.41 
93.25 24.94 
D. Discussion of Errors 
The raw data is converted' to moments per gram from the expression 
"below 
, t *Fe Gx(H,T)F(T) 
Q (H T')F(T') ^ * X Fe 
The sample weights were typically JO milligrams with a weighing error of 
± .03 milligrams, which gives a possible error of ± 0.05% in the weights. 
The factor F(T) which corrects for the thermal expansion of the pickup 
coils is at most a 1% effect. It reproduces to within two or three per 
cent. So this gives a possible error of ~ ± 0.05^. It is felt that the 
values used for C^^(H,T), the moment per gram for iron, are good to ± l/kio 
up to 20 kOe (including an uncertainty in H of ± 0«5^). Because of the 
uncertainty in the high field susceptibility for iron, the value for 
ape(H,T) used to reduce the high field data was taken to "be the reported 
value for 20 kOe. This would give an error at 100 kOe of "between 0.2% and 
Q.3io depending on the value used for the high field susceptibility. 
The resolution for this instrument was typically ± 0.00001 on the 
Gertsch ratio transformer. For the iron sample, and for îiu when nearly 
saturated, the Gertsch readings were typically 0.30000 ± ,00001. This 
gives a completely negligible error. The smallest readings recorded for 
the paramagnetic region were 0.00100 ± .00001, which gives a readability 
error of 1% or less. On. a few days when the noise level was exceptionally 
low, it was possible to record the iron sample moment to six figures— 
0.300000 ± .000002. This gives a maximum resolution of 1.0 x 10 ^  emu. 
The accuracy of the Gertsch ratio transformer is given as 
(.001 ± .OOOl/ratio)'^. Hence for large moments the error is 0.002%. For 
the smallest reading recorded, 0.00100, the error in the Gertsch reading 
would be ~ 0.1%. The phase shift through the ratio transformer is given as 
^0.05 milliradians. This is completely negligible compared to what other 
phase errors are already present in the bridge circuit. These are esti­
mated to cause less than 0.05% error because a change in the value of the 
capacitance in the quadrature circuit by a factor of ten resulted in a 
change in the.bridge balance of .00001 in the Gertsch readings for the Fe 
sample. 
Several isotherms were run on the empty sample holder. The moment was 
la the noise level at all temperatures and fields. Therefore no correction 
was made for its moment. The remaining sources of error in the values of 
G(H,T) arise in the vertical and horizontal centering of the sample, and 
frcm instabilities in the magnetic images. 
The vertical centering was not a serious source' of error—if one 
remembered to check it periodically during an isotherm. With patience it 
was possible to reproduce a Gertsch reading for Fe to one part in the fifth 
place. Horizontal centering was quite a different matter. At best it 
was possible to remove and reinsert the sample rod and reproduce the meas­
ured moment to 0.1^ after careful centering. However errors of 0,5^ were 
not uncommon on days when the magnetic images were quite unstable, or the 
horizontal centering was not well done. 
The most intractable problem remained the instability of the magnetic 
images. During those periods when the solenoid had been successfully 
seasoned, the change in the apparent moment of the Fe sample from 20 to 
100 kOe would be ^ 0.3% and the curve shape would reproduce to ~ 0.05^ or 
better. However, at other times the apparent moment of the Fe sample would 
change by nearly 1^ and the curve shape would be completely unreliable. 
It is felt that the overall accuracy of the high field data taken at 
i+.2°K on the c-axis is ± 0.2$% or better, relative to the value of 221.7 
emu/gram used for Fe. For the ferrimagnetic structure, and the low temper­
ature data for the <1010> direction, the overall accuracy is estimated to 
be ± 0.5#. 
As discussed in Chapter III, section B, there are some potentially 
large system errors for which the paramagnetic Ha data had to be corrected. 
The 200°K isotherm for the 0.01050 gram Ki sample was in error nearly 1^-% 
at 90 kOe, while the 150°K isotherm for the 0.07802 gram îîi sangle shovred 
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a maximum error of 2.5^. The temperature and field dependence of these 
system errors have not been well mapped out. So it is felt that reason­
able error figures would be ± 3^ for temperatures above 100°K and sample 
moments less than 1.0 emu; and ±1,0^ otherwise. 
This would indicate ah accuracy for the reported value of of 
± 0.5^ (this is because the slope of the l/x^ vs T plot represents an 
average over several isotherms). The errors in the values for 9„ and 8^ 
are probably not greater than ± 4°. 
